Abstract -Nowadays, in automotive applications, the electric vehicle motors generally utilize permanent magnet motors due to their various advantages like high torque density, high efficiency, compactness and ease of control. In this paper emphasis is given to the evaluation of energy cost index for an EV motor over a particular drive cycle during motors operational lifetime. Performance evaluation over the entire drive cycle, instead of at rated conditions, provides a better idea of the efficiency and energy consumption of an electric motor. Therefore, energy cost evaluation for the urban part of New European Driving Cycle i.e. ECE-15 is selected in this study and the energy cost index is evaluated for an EV motor for virgin and recycled magnets utilized in the machine. The comparison shows that utilizing recycled magnets can provide economical advantage over using virgin magnets albeit under certain assumptions.
I. INTRODUCTION
HE electric vehicles (EV) and hybrid electric vehicles (HEV) are the new key developments in the automotive industry with the implementation of new regulations and norms in various countries around the world. Generally, the EV machines used in automotive applications are permanent magnet (PM) machines due to various advantages like high torque density, high efficiency, compactness and ease of control [1] . The PMs deployed in these EV motors are commonly rare earth (RE) magnets i.e. Neodymium Iron Boron (NdFeB) magnets. However, due to price fluctuations and supply-demand issues of RE materials utilized in NdFeB magnets, lot of research is being undertaken to reduce or utilize RE free magnets in PM machines. In recent years, numerous studies are being carried out in recycling of critical materials, and NdFeB magnets contain a few of these critical materials i.e. Neodymium (Nd) and Dysprosium (Dy) [2] . Due to the use of NdFeB magnets in PM machines, reuse and recycle of PMs in electric motors is being re-analyzed in some of the applications around the world [3] - [4] . Nevertheless, there are challenges in developing methodologies for reuse or recycle of magnets in electric motors due to varying motor topologies, technologies, material characteristics, proper disposal at end-of-life (EoL) and economic/environmental implications.
In this regard a methodology is being developed to analyze the recyclability of PM motors with two main aspects. First, recyclability of the motor considering standardization, assembly and disassembly of the motor and second, considering energy consumption by the electric motor during its complete lifetime with variation in permanent magnet compositions [5] - [6] . In this paper a commercial PM based HUB motor is used to evaluate the second part of above methodology development. In Section II benchmarking of sample HUB motor is done by disassembly, experimentation and finite element (FE) analysis. Then in Section III efficiency map and energy consumption of sample HUB motor with virgin magnets for urban part of New European Driving Cycle (NEDC) i.e. ECE-15 [7] is evaluated. Similarly, machine performance and energy consumption with recycled magnets for the same ECE-15 drive cycle is evaluated in Section IV. Finally in Section V, comparison in energy consumption between virgin magnets and recycled magnets for sample HUB motor is done to obtain the energy cost index. Finally, conclusion is presented in the last section.
II. BENCHMARKING OF SAMPLE ELECTRIC VEHICLE MOTOR
The sample EV motor is a commercial PM based HUB motor with outer rotor topology. The sample motor is utilized in medium speed electric 2-wheeler or small compact low speed city cars. Fig. 1 shows the sample HUB motor. The DC bus voltage for the sample motor is 72 V, maximum speed of 700 rpm and output power upto 3.5 kW. The motor controller is a standard three-phase power electronic inverter with hall sensor inputs used for position sensing. 
A. Experimental measurements
The motor was assembled on a test bench with high precision torque transducer connected to the shaft. The input power measurements were recorded using an industrial grade power analyzer so as to limit the uncertainties in measurement. Fig. 2 shows the experimental test setup utilized for the measurements and performance evaluation. Two machines were assembled back to back and a resistive load was connected to the machine which would operate as a generator and load the test machine. Different resistance values were used with a set of speed variations to get the torque, speed, voltage, output power and input power of the test machine. Fig. 3 depicts the experimental torque vs. speed with the corresponding efficiency values. 
B. Disassembly and dimensions
The major dimensions, weight and materials were identified by disassembling the machine in step by step process. Fig. 4 shows the disassembled machine and the magnets. Table I depicts the main machine dimensions which would be utilized later on for 2-dimensional (2D) FE analysis so as to obtain simulated performance of the machine. The PMs were shaped in appropriate sizes so as to be analyzed for their magnetic properties. They were put to test in Magnetic Property Measurement System (MPMS®) from Quantum Design. It was observed that the magnetization (M) at 0 Oe applied field (H) of the magnet is around 130 emu/g which corresponds to around 1.2 T as remanence flux density (Br) at temperature of 300 K i.e. approximately 27 °C.
C. Finite element analysis & comparison with test results
The machine was modeled in commercially available FE analysis software by using the dimensional details obtained earlier in Section II (B). The magnet properties were utilized from the MPMS measurements with 1.2 T as the Br value. The stator lamination was a standard silicon iron soft magnetic material with loss of around 5 W/kg at 1.5 T, 50 Hz. Time-stepping 2D motion analysis was carried out to get the various performance parameters like back electromotive force (EMF), cogging torque, electromagnetic torque, iron losses, copper losses and winding voltages. Fig. 5 shows the 2D model along with the flux density plot at no-load by FE analysis.
The experimental winding current values were fed as an input in the FE analysis at various speed points to get the developed torque and losses of the machine. Finally the input power, output power, voltage and efficiency were evaluated by simulation results. In Fig. 6 it can be noticed that the comparison of simulated and experimental results for torque vs. speed with corresponding efficiency values of the machine.
It can be observed that the simulated and experimental results match fairly well and there is a maximum percentage error of 9% in torque and 5% in efficiency values. 
III. EFFICIENCY MAP AND ENERGY EVALUATION OF THE SAMPLE HUB MOTOR WITH VIRGIN MAGNETS
Energy consumption for a reference drive cycle requires performance parameters of the machine for the complete torque vs. speed envelope. As a result, efficiency map of the motor needs to be evaluated so as to acquire the precise torque and efficiency points for the corresponding speed values in the reference drive cycle.
A. Methodology for energy consumption evaluation
A methodology has been developed to evaluate the energy consumed by the machine for a particular drive cycle. Various literatures depict the importance of evaluating the energy consumption of a machine for different drive cycles with diverse vehicle dynamics [8] - [17] . Fig. 7 shows the flow diagram of the developed methodology. In this, the machine performance is evaluated using FE analysis and utilizing the flux map of the machine, efficiency map is generated. Along with this, vehicle parameters like wheel radius, vehicle weight, rolling resistance, air density, drag coefficient and frontal area are used as input for deriving torque vs. time curve from speed vs. time of drive cycle. Now, these are used as input to the efficiency map and energy consumption for one cycle of the drive cycle is evaluated. Finally, total energy consumed in the lifetime of the machine is estimated by assuming that the motor operates for 2 hours daily for 10 years. In this study it is assumed that the vehicle is a compact city car with the vehicle parameters as listed in Table II . 
B. Efficiency map and energy consumption
The efficiency mapping of the machine is evaluated by utilizing the flux map with different values of direct axis current (Id) and quadrature axis current (Iq). Similarly, iron loss mapping is also required for various values of machine flux induction and current levels. Therefore, by utilizing optimization algorithm, the efficiency mapping is obtained for the sample motor. Fig. 8 illustrates the efficiency map of the sample motor with virgin magnets. The drive cycle selected for this study is the urban part of the NEDC i.e. ECE-15 [7] . Fig. 9 shows the speed vs. time profile of the ECE-15 drive cycle.
The instantaneous wheel torque can be derived by using the following equation [8] - [17] :
where, Tw is wheel torque, m is mass of vehicle, a is acceleration, g is gravity, Cr is coefficient of rolling resistance, ρa is density of air, Cd is coefficient of drag, Af is vehicle frontal area, v is velocity of vehicle and rw is radius of the wheel. Hence, using Eq. (1), vehicle parameters as in Table II and ECE-15 drive cycle, the wheel torque vs. time profile can be obtained. Fig. 10 shows the wheel torque vs. time profile for the selected vehicle and ECE-15 drive cycle. In typical EVs, the electrical machine is coupled to the wheels via transmission hence they have high speeds and high efficiencies. But here, it can be observed that maximum torque required at wheel is around 220 Nm. The maximum motor torque which can be delivered is around 65 Nm. Hence, it is assumed that four motors would be used in the vehicle with direct drive in-wheel configuration to achieve required vehicle wheel torque.
As per the flow diagram in Fig. 7 , this torque vs. speed profile and efficiency map are employed together to get the energy consumed by one motor during the lifetime of 10 years with 2 hours of daily operation. The energy consumption can be calculated as:
where, Ec is total energy consumed, E(t) is energy input as function of time and t is time. The regenerative braking and negative torque values are assumed to be zero in the energy calculations. As a result, for the sample HUB motor with virgin magnets, the total energy consumed for the complete lifetime is 3071 kWh from Eq. (2). The harmonized electricity price for Europe region is considered as 0.22 €/kWh [18] . Therefore, the energy cost for one motor with virgin magnets is € 676 for the entire assumed lifetime. The weight of total magnet in the motor is 0.7 kg, and NdFeB material price considered is 45 €/kg [19] , consequently the total magnet price is € 31.5 in one motor. The study has utilized ECE-15, but the methodology can be used to assess any drive cycle like NEDC, Urban Dynamometer Driving Schedule, Worldwide Harmonized Light Vehicles Test Procedure etc & this is considered as future work.
IV. MACHINE PERFORMANCE WITH RECYCLED MAGNETS
It has been observed for past many years that rare earth material price fluctuates a lot due to regulatory factors, supply-demand issues, political and economical factors. It is for this reason recycling and reuse of rare earth materials from electronic components, computer hard drives and automotive components, have garnered a lot of interest [2] . Research is been carried out in recycling the PM scrap from various sources and fabricate recycled magnets by hydrogen decrepitation (HD) and hydrogenation, disproportionation, desorption, recombination (HDDR) [20] - [22] .
In this study, magnetic property of recycled magnet considered is around 0.96 T as Br. This is as per reference [20] , where new magnet material has 1.36 T as Br and recycled magnet has 1.08 T as Br, hence 20% reduction in the Br. In this study virgin magnet has 1.2 T as Br, and taking 20% reduction for recycled magnet, the Br evaluated is 0.96 T.
A. Performance characteristics
For the evaluation of machine performance with recycled magnets in sample motor, the methodology utilized is similar to performance calculated with virgin magnets as in Section II (C). The sample motor's dimensional parameters are kept same as that with virgin magnets; only magnet properties are altered with recycled magnet properties i.e. having 0.96 T as Br and increased length of the motor to achieve same torque as obtained with virgin magnets. The length of stator, rotor and magnets is increased from 40mm to 46mm. Henceforth, 2D time-stepping FE analysis is carried out to get the performance characteristics like back EMF, cogging torque, electromagnetic torque, iron losses, copper losses and winding voltages. Performance has been evaluated with similar current values as used in test and simulations during the study with virgin magnets in Section II (C). Fig. 11 shows simulated torque vs. speed with corresponding efficiency values by virgin and recycled magnets. It can be observed that torque values match fairly well for virgin and recycled magnets. But the efficiency at certain points has increased with recycled magnets due to cumulative decrease of total losses, as iron losses has reduced but copper losses has increased. 
B. Efficiency map and energy consumption
The efficiency map and energy consumption of the sample motor with recycled magnets is evaluated similarly as done while using virgin magnets in Section III (B). By utilizing the flux map with different values of Id and Iq and iron loss map for various values of machine flux induction and current levels, the efficiency map is generated for the motor with recycled magnets. Fig. 12 illustrates the efficiency map of the sample motor with recycled magnets. Hereafter employing the flow diagram in Fig. 7 , torque vs. speed profile and efficiency map together can provide energy consumed by one motor during the lifetime of 10 years with 2 hours of daily operation with recycled magnets. Consequently, for sample motor with recycled magnets, total energy consumed for complete lifetime is calculated as 2995 kWh from Eq. (2) . Similarly, assuming the harmonized electricity price for Europe region as 0.22 €/kWh [18], the energy cost for one motor with recycled magnets is € 659 for the assumed lifetime.
It is difficult to comment on the price of recycled magnets as it is subject to ongoing research studies. But as it is assumed to be prepared from scrap PMs the price is assumed to be lower compared to virgin PMs. Due to increased length the PM weight increases from 0.7 kg to 0.81 kg with recycled magnets. Therefore, assuming the price of recycled magnet material as half of virgin magnets i.e. 22.5 €/kg with certain estimates, the total PM price calculated would be € 18.23 since motor contains 0.81 kg of magnets.
V. ENERGY COST INDEX AND COMPARISON BETWEEN VIRGIN AND RECYCLED MAGNETS
Energy cost evaluation considering the machine performance on a particular drive cycle or duty cycle gives more insights than evaluating machine performance at rated loads. Since machine performance could be optimized for rated conditions but their operation may not be subjected to rated conditions during a specific duty cycle. Therefore, comparing machine performance at a particular drive cycle with different magnet scenarios would provide information about the importance of energy and magnet cost.
For this purpose, an index has been proposed to compare the energy cost in relation to magnet cost. The temperature for both the machines has been assumed the same. For instance, in this study energy consumption cost with virgin magnets is € 676 and magnet cost is € 31.5 for the sample motor. Considering this as the base scenario and naming it as Scenario 1 and/or Scenario base. The energy cost computed with recycled magnets is € 659 and magnet cost is € 18.23 for the sample motor; and naming it as Scenario 2. The energy cost index is defined as follows:
= .
where, ECi is the energy cost index, Ec(j) is energy cost for Scenario j, Magc(j) is magnet cost for Scenario j, Ec(b) is energy cost for Scenario base and Magc(b) is magnet cost for Scenario base. As a result, energy cost index for Scenario 2 as per Eq. (3) is evaluated as 0.564. From Fig. 13 it can been observed that the design with recycled magnets has low efficiency in low speed high torque region and high efficiency in high speed low torque region as compared to efficiencies with virgin magnets. However, the drive cycle has most of the points in high speed low torque region; hence energy consumption is low with recycled magnets for this drive cycle. Hence, it can be deduced that energy consumption depends on both drive cycle and machine design. For analysis purpose, few more scenarios are assumed, for example, Scenario 3 where energy cost is € 676 (energy cost for virgin magnets) and magnet cost is € 18.23 (magnet cost for recycled magnets) and Scenario 4 where energy cost is € 659 (energy cost for recycled magnets) and magnet cost is € 31.50 (magnet cost for virgin magnets). Table III represents the comparison of energy cost index for different scenarios, computed using Eq. (3). Hence, it can be observed that the energy cost index for Scenario 3 is 0.579 and Scenario 4 is 0.975. This indicates that lower the energy cost index, better is the machine in economic aspects and is advantageous as compared to base scenario. Considering one more hypothetical scenario (Scenario 5), where the recycled magnet cost is approximately equal to virgin magnets i.e. € 30.46 and energy cost is € 700; the energy cost index computed is 1.000, as shown in Table III . This is equal to energy cost index of base scenario, indicating that even if the price of recycled magnet are similar to virgin magnet and have higher energy consumption, the economic impact is same. Other than the above cited advantages, with recycled magnets one can observe one more advantage which is that, they have low environmental impact as compared to virgin magnets. The mining of rare earth materials have negative repercussions in terms of environmental and human conditions. The preparation of recycled magnets has lower implications on human labour aspects as no mining is required. Additionally they have environmental benefits like reduction in air and water pollution. It can be argued that even for the preparation of recycled magnets a number of environmental hazards are possible like storage of hydrogen gas and its use in HD and HDDR process, and use of certain chemicals for separation of materials. But if both the circumstances are weighed together, the authors assume that mining would have higher negative impact than producing recycled magnets from scrap [23] . The authors recommend future studies and research into economic-environmental comparison between virgin and recycled magnet production and usage phase.
A general representation of the index is tabulated in Table IV , where energy cost index varies with the cost of virgin and recycled magnets. In this the Ec virgin magnet is € 676, Ec recycled magnet is € 659 and weight of virgin magnet is 0.7 kg and weight of recycled magnet is 0.81 kg. Hence, it can be observed that as the PM material price varies for virgin and recycled magnets the index varies accordingly. The greener the index it is better economically when compared to red coloured cells in Table IV . Similar, hypothesis can be generated with variable energy costs for different grades of magnets and the index would indicate the cases which are economically more advantageous. 
VI. CONCLUSION
In this paper, the energy cost index evaluation methodology over ECE-15 drive cycle for an EV motor with PMs has been presented. The methodology is utilized to present different scenarios where virgin magnets and recycled magnets were employed and energy cost index was computed. It has been observed that the recycled magnets can provide better economical advantage than virgin magnets as it is assumed that the cost of recycled magnets would be lower than virgin magnets in this case study. Lower the energy cost index, the machine is better in terms of economic evaluation as compared to base scenario. The recycled magnets also provide benefits in terms of environmental aspects as they would be less polluting in their production than virgin magnet materials mined from various sources around the world. The methodology for energy cost index evaluation is a comparative tool and can be adjusted as per the individuals' needs and calculations. The scenarios can vary from motor design and different drive cycles, which can provide varied results and conclusions. Thus, generating an index for comparison provides reasonably good inspiration on using recycled magnets in electrical machines. Future work is planned with experimental utilization of recycled PMs in electrical machine designs.
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